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ABSTRACT 

T r a j e c t o r y  v a l i d a t i o n  is  d e f i n e d  as t h e  i d e n t i -  
f i c a t i o n  and check ing  of t h e  s p e c i f i c  t r a j e c t o r y  da t a  which 
have a d i r e c t  e f f e c t  on t h e  conduct of a s p a c e  m i s s i o n .  It 
i s  a p a r t  of t h e  l a rge r  problem of v a l i d a t i n g  a l l  of t h e  
s o f t w a r e  connected w i t h  a miss ion  and i s  e s p e c i a l l y  c l o s e l y  
r e l a t e d  to t h e  v a l i d a t i o n  of gu idance  e q u a t i o n s  and s o f t w a r e  
of t h e  Miss ion  C o n t r o l  Center .  It i s ,  however, d i f f e r e n t  
f rom most of  t h e  o t h e r  so f tware  v a l i d a t i o n  i n  t h a t  numbers 
r a t h e r  t h a n  computer programs a re  b e i n g  checked 

program are  q u i t e  d i f f e r e n t ,  t h e  i d e n t i f i c a t i o n  of t h e  s p e c i f i c  
t r a j e c t o r y  q u a n t i t i e s  to be checked w i l l  be a c o n s t a n t l y  
r e c u r r i n g  p a r t  of t h e  v a l i d a t i o n  problem. T h i s  must be done 
d u r i n g  t h e  e a r l y  p h a s e s  of p r e p a r i n g  for each  mis s ion  s o  t h a t  
an  e f f e c t i v e  l a s t  check  can be made i n  t h e  s h o r t  t ime p e r i o d  
j u s t  b e f o r e  t h e  f l i g h t  when f i n a l  data  a re  a v a i l a b l e .  
v a l i d a t i o n  i s  s o  c l o s e l y  i n t e r t w i n e d  w i t h  gu idance  v a l i d a t i o n  
t h a t  t h e  two shou ld  be a s  c l o s e l y  coupled  as i s  p r a c t i c a l .  

Because t h e  i n d i v i d u a l  m i s s i o n s  o f  t h e  Apollo 

T r a j e c t o r y  

c 
I 
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TRAJECTORY VALIDATION FOR PROJECT APOLLO 

1. INTRODUCTION 

T r a j e c t o r y  v a l i d a t i o n  i s  p a r t  o f  a q u a l i t y  c o n t r o l  
p r o c e d u r e  toward c e r t i f i c a t i o n  o f  t h e  s o f t w a r e  a s s o c i a t e d  
w i t h  a s p a c e  mis s ion .  When p r o p e r l y  implemented, it can 
p r o v i d e  t h e  a s s u r a n c e  t h a t  t h e  p r i o r  computa t ions  n e c e s s a r y  
f o r  t h e  mis s ion  are a c o r r e c t ,  comple te  and c o n s i s t e n t  s e t .  

T h i s  r e p o r t  covers  a g e n e r a l  p l a n  f o r  t r a j e c t o r y  
v a l i d a t  i on  i n  t h e  Apollo p r o j e c t .  It i d e n t i f i e s  g e n e r i c  
c a t e g o r i e s  o f  i n f o r m a t i o n  t o  be checked and a l s o  s p e c i f i c  
examples  f o r  t h e  l u n a r  l a n d i n g  m i s s i o n .  More s p e c i f i c  
d e t a i l i n g  o f  t h e  v a l i d a t i o n  p r o c e d u r e  is a n  i n t e g r a l  p a r t  
o f  t h e  v a l i d a t i o n  o f  each  mis s ion  t r a j e c t o r y .  
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2. TRAJECTORY VALIDATION I N  PERSPECTIVE 

The use o f  g e n e r a l  pu rpose  d i g i t a l  computers as 
p a r t  of  o p e r a t i o n a l  hardware sys tems has developed r a p i d l y  
o v e r  t h e  p a s t  t e n  years .  With t h i s  growth, t h e  problem of  
p roduc ing  s a t i s f a c t o r y  programs ( s o f t w a r e )  h a s  s t e a d i l y  
ga ined  r e c o g n i t i o n .  The development of  s o f t w a r e  h a s  become 
more and more l i k e  t h e  development o f  hardware and when 
p r o f e s s i o n a l l y  done it o f t e n  invo lves  s p e c i f i c a t i o n s ,  d rawings ,  
models, formal  checkout  and q u a l i t y  c o n t r o l .  The v o l a t i l e  
n a t u r e  of  s o f t w a r e  has caused i t s  development,  management* 
and c o n t r o l  t o  p r e s e n t  s p e c i a l  problems.  

Guidance equa t ion  v a l i d a t i o n  is  an exainple o f  
s o f t w a r e  q u a l i t y  c o n t r o l  (of  t h e  on-board guidance  s o f t w a r e ) .  
O t h e r  examples i n  Apollo are v a l i d a t i o n  o f  checkout  s o f t w a r e  
( such  as f o r  ACE) and t h e  r e a l  time computer s o f t w a r e  o f  t h e  
Miss ion  C o n t r o l  Center .  T r a j e c t o r y  v a l i d a t  ion i s  d i f f e r e n t  
from any o f  t h e  above i n  t h a t  numbers are  b e i n g  confirmed 
r a the r  t h a n  computer programs. The term s o f t w a r e  f r e q u e n t l y  
has been used t o  cove r  d a t a  as wel l  as computer programs and 
i n  t h i s  c o n t e x t  t r a j e c t o r y  v a l i d a t i o n  i s  p a r t  o f  s o f t w a r e  
v a l i d a t  ion .  

I n  common w i t h  guidance e q u a t i o n  v a l i d a t i o n ,  t h e r e  
is  a w i d e  range  o f  a c t i v i t y  which i s  covered by t h e  term 
t r a j e c t o r y  v a l i d a t i o n .  Two extremes w i l l  s e r v e  t o  i l l u s t r a t e :  

A. Design V e r i f i c a t i o n  

T h i s  a c t i v i t y  c o n s i s t s  o f  s t u d i e s  l e a d i n g  
t o  a g e n e r a l  c r i t i q u e  o f  t h e  t r a j e c t o r y  
d e s i g n .  

B. Qua l i ty  Con t ro l  

Th i s  a c t i v i t y  c o n s i s t s  o f  checking  s p e c i f i c  
q u a n t i t i e s  b y  w e l l  d e f i n e d  methods. 

The terms Design V e r i f i c a t i o n  and Q u a l i t y  C o n t r o l  are  wide ly  
employed i n  hardware development and w i l l  be used here  when- 
e v e r  i t  is n e c e s s a r y  t o  d i s t i n g u i s h  between t h e  extremes o f  
t r a j e c t o r y  v a l i d a t  ion  a c t i v i t i e s .  

*The g e n e r a l  problem o f  s o f t w a r e  management i n  Apollo i s  
b e i n g  s t u d i e d  under  NASA/BELLCOMM Task 22, Con t rac t  NASw-417 
( "Management Procedures  i n  Computer Programming f o r  Apol lo"  
I n t e r i m  Repor t ,  November 30, 1964, Bellcomm, I n c .  ) .  



3 .  TRAJECTORY QUANTITIES TO BE VALIDATED (QUALITY CONTROL) 

T r a j e c t o r i e s  a r e  computed t o  s a t i s f y  many d i f f e r e n t  
needs  and h i s t o r i c a l l y  t h e  tendency h a s  been t o  p r o v i d e  copious  
p r i n t o u t .  Perhaps t h i s  is ,  as some c l a im,  f o r  t h e  purpose  of  
s a t i s f y i n g  v e r y  d i v e r s e  r equ i r emen t s  some of which are  n o t  
a n t i c i p a t e d  b e f o r e  t h e  computat ion.  Whatever t h e  r e a s o n ,  
t h e r e  a r e  c a t e g o r i e s  o f  i n fo rma t ion  i n  t h e  v a r i o u s  p r i n t o u t s  
qu i te  d i f f e r e n t  i n  t h e i r  use and q u i t e  d i f f e r e n t  w i t h  r e s p e c t  
t o  t h e  impact o f  an  e r r o r .  It is  sugges ted  t h a t  t h e r e  is  a t  
a minimum t h e  f o l l o w i n g  d i v i s i o n  o f  t r a j e c t o r y  d e r i v e d  i n f o r -  
mation: 

A .  I n fo rma t ion  which resvllts i n  s p e c i f i c  a c t i o n  
and which has a d i r e c t  e f f e c t  on t h e  conduct 
o f  t h e  miss ion .  An example i s  t h e  v e l o c i t y  
r equ i r emen t s  1ea.ding t o  t h e  f u e l  l o a d i n g  o f  
t h e  space  v e h i c l e .  

B. In fo rma t ion  which i s  o f  a general  d e s c r i p t i v e  
n a t u r e  and which is  n o t  d i r e c t l y  used i n  t h e  
conduct of  t h e  mi s s ion .  Examples might be 
v e h i c l e  ground t r a c k s  or a c c e l e r a t i o n  p r o f i l e s .  

The v a l i d a t i o n  procedure  should  be a p p r o p r i a t e l y  
f i t t e d  t o  each  c a t e g o r y  o f  i n fo rma t ion .  Guidance parameters 
and f u e l  l o a d i n g s  should  be v e r y  c a r e f u l l y  checked whereas  
more g e n e r a l  i n fo rma t ion  such as p o s i t i o n  and v e l o c i t y  h i s -  
t o r i e s  can p robab ly  be checked on a sampled basis.  

A v a l i d a t i o n  p rocedure  would be expec ted  t o  b e n e f i t  
s t r o n g l y  from a p r o c e s s  o f  e v o l u t i o n  , however, i n i t i a l  s p e c i f i c  
p r o p o s a l s  a re  o u t l i n e d  i n  t h e  f o l l o w i n g  pa rag raphs  o f  t h i s  
s e c t i o n .  The d e t a i l s  of  t h e  v a l i d a t i o n  p r o c e s s  w i l l  depend 
upon t h e  t y p e  o f  mis s ion .  The l u n a r  l a n d i n g  mis s ion  is  used 
as a n  exampleon t h e  assumption t h a t  i t s  r equ i r emen t s  w i l l  
exceed t h o s e  o f  t h e  t e s t  mis s ions .  

3.1 I n p u t  Data 

A v e r y  impor tan t  p a r t  o f  t h e  v a l i d a t i o n  o f  t r a j e c -  
t o r i e s  i s  t h e  checking  o f  t h e  assembled da ta  from which t h e  
t r a j e c t o r y  i s  d e r i v e d .  Th i s  i n c l u d e s  t h e  v e h i c l e  model, 
v e h i c l e  c o n s t r a i n t s ,  mi s s ion  c o n s t r a i n t s  and mis s ion  ground 
ru l e s  and o b j e c t i v e s .  Most of  t h e s e  i n p u t s  are  e x p l i c i t l y  
covered  by documents i n  t h e  p r e s e n t  p r o j e c t  documentat ion 
p l a n s .  Checks should  be made a g a i n s t  t h e s e  documents as 
w e l l  as o t h e r  v a l i d  s o u r c e s .  T y p i c a l  l i s t s  of  i n p u t  data  
f o r  t h e  lunar l a n d i n g  miss ion  are con ta ined  i n  Appendix I. 
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3.2 Guidance Parameters  

Among t h e  most important  t r a j e c t o r y  de r ived  q u a n t i t i e s  

For t h e  c u r r e n t  Apollo guidance  
a r e  t h e  guidance  parameters  which make t h e  guidance e q u a t i o n s  
s p e c i f i c  f o r  t h e  g iven  mission.  
e q u a t i o n s  w h i c h  a r e  g e n e r a l l y  e x p l i c i t *  many o f  t h e  pa rame te r s  
have s t r o n g  p h y s i c a l  s i g n i f i c a n c e .  

Two p o s s i b i l i t i e s  f o r  v a l i d a t i n g  t h e s e  guidance  
pa rame te r s  a r e  o u t l i n e d :  

A. S imula te  a c losed loop  miss ion  u s i n g  t h e  
precomputed guidance pa rame te r s  for t h e  
t r a j e c t o r y  being v a l i d a t e d  and c o r r e c t  for 
any i n a c c u r a c i e s  b y  making midcourse and 
o t h e r  c o r r e c t i o n s  as would be done i n  t h e  
a c t u a l  mission. The v a l i d a t i o n  r e s t s  on a 
s imula t ed  f l i g h t  w i t h  p o s i t i o n  and v e l o c i t y  
a c c u r a c i e s  a n d  f u e l  r equ i r emen t s  w i t h i n  
a c c e p t a b l e  l i m i t s .  T h i s  could be done as 
p a r t  of t h e  guidance e q u a t i o n  v a l i d a t i o n  
procedure  but would impose c e r t a i n  r e q u i r e -  
ments on t h e  s i m u l a t i o n  t o  be used.  It would 
r e q u i r e ,  f o r  example, a complete  t r a j e c t o r y  
s i m u l a t i o n  i n c o r p o r a t i n g  l u n a r  and s o l a r  
ephemerides  thereby  p r o v i d i n g  f o r  c o n t i n u i t y  
o f  t h e  t r a j e c t o r y  c a l c u l a t i o n  through a l l  - 
phases  of  t h e  mis s ion .  

B. Independent ly  g e n e r a t e  a guided t r a j e c t o r y  
u s i n g  t h e  same i n p u t  da ta  as for t h e  one 
b e i n g  v a l i d a t e d .  The guidance  pa rame te r s  
are determined by  s u c c e s s i v e  i t e r a t i o n  d u r i n g  
t h e  t r a j e c t o r y  s e l e c t i o n  and o p t i m i z a t i o n  
procedure .  Va l ida t  ion  i s  done b y  comparing 
t h e  guidance  pa rame te r s  from t h e  o r i g i n a l  and 
independent ly  gene ra t ed  t r a j e c t o r y .  

O f  t h e  two methods d e s c r i b e d  above, A has t h e  advan- 
t a g e  t h a t  t h e  d i s p e r s i o n s  due t o  t h e  guidance  pa rame te r  d i s -  
c r e p a n c i e s  a r e  t h e  q u a n t i t i e s  a v a i l a b l e  f o r  s c r u t i n y .  Allowable 
l e v e l s  f o r  t h e s e  d i s p e r s i o n s  should be r e l a t i v e l y  e a s i l y  d e t e r -  
mined. For method B a c c e p t a b l e  t o l e r a n c e s  on each of t h e  
guidance  parameters-must be developed and t h i s  may n o t  be a 
t r i v i a l  problem. - 

*The term " e x p l i c i t "  r e f e r s  t o  t h a t  c l a s s  of  gu idance  
e q u a t i o n s  i n  which t h e  d e s i r e d  end c o n d i t i o n s  are o v e r t  and 
i n  which t h e  s t e e r i n g  is c o n t i n u a l l y  recomputed t o  r e a c h  t h e s e  
end c o n d i t i o n s  r a t h e r  than  t o  r e t u r n  t o  a r e f e r e n c e  t r a j e c t o r y .  
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P r i m a r i l y  f o r  purposes  o f  p r o v i d i n g  p e r s p e c t i v e ,  
many of t h e  guidance  pa rame te r s  f o r  t h e  l u n a r  l a n d i n g  mis s ion  
a re  l i s t e d  i n  Appendix I1 w i t h  t h e  p r e s e n t  concept  of  t h e  
gu idance  e q u a t i o n s .  

3.3 Propu l s ion  Requirements 

The f u e l  load ings  f o r  a s p e c i f i c  mis s ion  are  de t e r -  
mined from t h e  r e f e r e n c e  t r a j e c t o r y  f o r  t h a t  mi s s ion  p l u s  t h e  
r e s u l t s  of  e r r o r  a n a l y s i s .  The r e f e r e n c e  t r a j e c t o r y  d i r e c t l y  
p r o v i d e s  t h e  nominal  AV r equ i r emen t s  for t h e  mis s ion .  A c t u a l l y ,  
t h e  mis s ion  changes* somewhat as a f u n c t i o n  o f  l aunch  time w i t h i n  
a s i n g l e  launch  window and a l s o  from day to d a y  w i t h i n  t h a t  
p e r i o d  i n  which a d e l a y e d  launch might occur .  The a s s o c i a t e d  
changes i n  f u e l  r equ i r emen t s  can be q u i t e  s i g n i f i c a n t  e s p e c i a l l y  
i f  t h e  launch windows are n o t  a l l  of t h e  same t y p e  or i f  t h e  
l u n a r  l a n d i n g  s i t e  i s  changed ( i n  a preplanned  f a s h i o n )  d u r i n g  
t h e  l aunch  p e r i o d .  The f u e l  l o a d i n g s  t h u s  may r e f l e c t  t h e  r e q u i r e -  
ments o f  s e v e r a l  mi s s ions  and may n o t  be optimum for any one 
m i s s  i on .  

Complete v a l i d a t i o n  o f  t h e  adequacy o f  t h e  f u e l  l o a d i n g s  
must be done e v e n t u a l l y ,  however, t h e  nominal  requi rement  i s  
t h e  o n l y  p a r t  which can be checked through t r a j e c t o r y  v a l i d a t i o n .  
If e r r o r  a n a l y s i s  r e s u l t s  a r e  a v a i l a b l e ,  t h e  t o t a l  r equ i r emen t  
shou ld  be developed a t  t h e  time o f  t r a j e c t o r y  v a l i d a t i o n .  

3 .4  Time H i s t o r i e s  and Events  

The common concept  o f  a t r a j e c t o r y  i s  t h e  computer 
p r i n t o u t  of v a r i o u s  t ime h i s t o r i e s  such  as a c c e l e r a t i o n ,  v e l o c i t y ,  
p o s i t i o n ,  v e h i c l e  a t t i t u d e  ( d u r i n g  powered f l i g h t )  and radar 
l o o k  ang le s .  Many of  t h e s e  q u a n t i t i e s  are used i n  assembl ing  an 
o p e r a t i o n a l  p l a n .  W i t h  m u l t i p l e  c h o i c e s  o f  c o o r d i n a t e  sys tems,  
d e r i v e d  secondary  v a r i a b l e s  and u n i t s ,  i t  would be n e a r l y  impos- 
s i b l e  t o  check a l l  o f  t h e  p o s s i b l e  q u a n t i t i e s ,  but t h e  more 
impor t an t  ones must be checked a t  l ea s t  on a sample basis. 
B e t t e r  v a l i d a t i o n  could be accomplished i f  t h e  q u a n t i t i e s  needed 
cou ld  a l l  be de f ined  i n  advance and t h i s  should  be v i g o r o u s l y  
encouraged .  

A sample l i s t  of some of t h e  more impor tan t  q u a n t i t i e s  
t o  be checked are inc luded  i n  Appendix 111. 

*There w i l l  be, i n  e f f e c t ,  a f a m i l y  or continuum of 
t r a j e c t o r i e s  t o  be v a l i d a t e d  f o r  t h e  l u n a r  l a n d i n g  mis s ions .  
The method of p o r t r a y i n g  t h e  i n fo rma t ion  may be more imagin- 
a t i v e  t h a n  s imply p r o v i d i n g  a m u l t i p l i c i t y  o f  similar t r a j e c t o r i e s .  
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4. THE MECHANICS OF GENERATING THE VALIDATING TRAJECTORY 

I n  t h e  p r e v i o u s  s e c t i o n s  emphasis  was p l a c e d  on 
d e f i n i n g  t h e  t y p e  o f  t r a j e c t o r y  i n f o r m a t i o n  which shou ld  be 
checked.  Some o f  t h e  problems which are  i n h e r e n t  i n  g e n e r a t i n g  
t h e  t r a j e c t o r y  to s e r v e  as a basis f o r  t h i s  v a l i d a t i o n  are  
d i s c u s s e d  i n  t h i s  s e c t i o n .  

V a l i d a t i o n ,  to be a t  a l l  s i g n i f i c a n t ,  r e q u i r e s  an  
" independent  I '  computa t ion  o f  t h e  m i s s i o n  t r a j e c t o r y .  From 
t h i s  t h e  s p e c i f i c  q u a n t i t i e s  to be v a l i d a t e d  can be d e r i v e d  
i f  n o t  a v a i l a b l e  as an  a u t o m a t i c  by-product  o f  t h e  b a s i c  
computa t ion .  Two d i f f e r e n t  approaches  have  been s u g g e s t e d  
f o r  computing t h e  v a l i d a t i n g  t r a j e c t o r y .  One method b e g i n s  
w i t h  t h e  same i n p u t  da ta ,  ground r u l e s ,  c o n s t r a i n t s ,  t r a j e c t o r y  
s h a p i n g  s t r a t e g y  and degrees  o f  f reedom ( f o r  o p t i m i z a t i o n )  as 
used f o r  t h e  o r i g i n a l  computa t ion .  A comple t e ly  independent  
t r a j e c t o r y  s e l e c t i o n  and o p t i m i z a t i o n  i s  done and t h e  q u a n t i t i e s  
to be v a l i d a t e d  are compared f o r  t h e  two t r a j e c t o r i e s .  There 
i s  a n  obvious  d i f f i c u l t y  i n  t h i s  method i n  t h a t  two p e r f e c t l y  
good t r a j e c t o r i e s  may d i f f e r  b y  f a i r l y  s i g n i f i c a n t  amounts 
i n  c e r t a i n  p a r a m e t e r s .  Th i s  phenomenon is  l i k e l y  t o  o c c u r  
b e c a u s e  t h e  t r a j e c t o r y  i s  s e l e c t e d  i n  par t  th rough  op t imiza -  
t i o n  t e c h n i q u e s  and t h e  largest  d i s c r e p a n c i e s  can be expec ted  
i n  t h e  p a r a m e t e r s  which have been op t imized .  For example,  
t h e  s e r v i c e  module f u e l  i s  minimized by  a d j u s t i n g  t h e  azimuth* 
of t h e  l u n a r  p a r k i n g  o r b i t  p l a n e  w i t h i n  t h e  l i m i t s  a l lowed by 
t h e  LEM p l a n e  change c o n s t r a i n t .  I f  t h e  t r u e  optimum l i e s  
between t h e  LEM l i m i t s  t h e  cu rve  r e l a t i n g  SM f u e l  and lunar 
p a r k i n g  o r b i t  az imuth  w i l l  have  z e r o  s l o p e  a t  t h i s  p o i n t .  
Independent  o p t i m i z a t i o n s  ve ry  l i k e l y  would r e s u l t  i n  s i g n i -  
f i c a n t l y  d i f f e r e n t  i n c l i n a t i o n s  i f  o n l y  because  o f  t h e  n u m e r i c a l  
g r a n u l a r i t y  i n  t h e  f u e l  computa t ion  or t h e  l i m i t s  which de t e r -  
mine when t h e  computer i t e r a t i o n  i s  to s t o p .  The t o l e r a n c e  on 
t h e  optimum az imuth  was e m p i r i c a l l y  de te rmined  f o r  an  SM fuel  
g r a n u l a r i t y  o f  100 pounds ( o u t  o f  37,000 pounds) .  For n i n e  
d i f f e r e n t  l a n d i n g  s i tes  wel l  d i s t r i b u t e d  o v e r  t h e  area of  
i n t e r e s t  to Apol lo ,  t h e  azimuth t o l e r a n c e  ranged from +lo 
t o  k3". Much c l o s e r  agreement  t h a n  t h i s  i s  g e n e r a l l y  d e s i r a b l e  
i n  t h e  v a l i d a t i o n .  

A second method of computing t h e  t r a j e c t o r y  would use 
t h e  i n p u t  data  and s h a p i n g  p a r a m e t e r s  o f  t h e  t r a j e c t o r y  b e i n g  
v a l i d a t e d .  These s h a p i n g  p a r a m e t e r s  are  t p i c a l l y  such  t h i n g s  
as s t e e r i n g  o r d e r s  (or gu idance  p a r a m e t e r s  3 and v a l u e s  of t h e  

*The p a r k i n g  o r b i t  p l a n e  must c o n t a i n  t h e  l a n d i n g  s i t e  a t  
t h e  t ime o f  l a n d i n g ,  but t h e  d i r e c t i o n  ( az imuth )  f rom which 
t h e  v e h i c l e  approaches  i s  a f r e e  v a r i a b l e .  
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o p t i m i z a t i o n  v a r i a b l e s  which  a re  a r e s u l t  o f  t h e  o r i g i n a l  
p r o c e s s  o f  s e l e c t i n g  a s p e c i f i c  t r a j e c t o r y  s a t i s f y i n g  t h e  
c o n s t r a i n t s ,  ground r u l e s  e t c .  The open loop  s i m u l a t i o n  o f  
a t r a j e c t o r y  u s i n g  these  d a t a  would be ana logous  t o  "dead  
reckoning ' '  n a v i g a t i o n  from s t a r t  t o  f i n i s h .  
t h e  Apollo l u n a r  l a n d i n g  t r a j e c t o r y  is such  t h a t  i n s i g n i f i c a n t  
p e r t u r b a t i o n s  e a r l y  i n  t h e  miss ion  are a m p l i f i e d  t o  v e r y  large 
p r o p o r t i o n s  i n  t h e  t e r m i n a l  phases .  Th i s  makes it i m p r a c t i c a l  
t o  e s t a b l i s h  t h e  i n i t i a l  c o n d i t i o n s  from t h e  t r a j e c t o r y  b e i n g  
v a l i d a t e d  and t o  t h e n  simulate t h e  mis s ion  i n  a forward d i r e c t i o n  
w i t h  a l l  s t e e r i n g  o r d e r s  as p r e v i o u s l y  computed. Even though 
t h e  i n i t i a l  c o n d i t i o n s  and shap ing  pa rame te r s  a re  p e r f e c t ,  
mic roscop ic  d i f f e r e n c e s  between computer s i m u l a t i o n s  w i l l  
g u a r a n t e e  t h e  f a i l u r e  of  t h i s  approach.  

The e x t e n t  o f  

It is  expec ted  t h a t  t h e  most p r a c t i c a l  t r a j e c t o r y  
computat ion method w i l l  s t a r t  w i t h  an independent  o p t i m i z a t i o n  
and computat ion o f  t h e  mission t r a j e c t o r y  as i n  t h e  f i r s t  method 
o u t l i n e d  above. The t r a j e c t o r y  b e i n g  v a l i d a t e d  is j u d g e d  a g a i n s t  
t h i s  independent  computation t o  i n f e r  how n e a r l y  it approaches  
t h e  optimum. * Next t h e  o p t i m i z a t i o n  v a r i a b l e s  can be c o n s t r a i n e d  
t o  be t h o s e  o f  t h e  t r a j e c t o r y  b e i n g  v a l i d a t e d  and t h e  i n d i v i d u a l  
t r a j e c t o r y  segments r e t a r g e t e d  w i t h  t h e s e  a d d i t i o n a l  c o n s t r a i n t s .  
The deg ree  o f  correspondence between t r a j e c t o r i e s  should  be much 
improved i f  t h e r e  are no rank  e r r o r s  i n  e i t h e r  one. The v a l i -  
d a t i o n  o f  a l l  remain ing  t r a j e c t o r y  d e r i v e d  pa rame te r s  should  
be p o s s i b l e  based on t h i s  second t r a j e c t o r y  computat ion.  The 
o p t i m i z a t i o n  v a r i a b l e s  which are  c a n d i d a t e s  f o r  b e i n g  f ixed i n  
t h e  second t r a j e c t o r y  computation are as fo l lows :  

A. The i n c l i n a t i o n  o f  t h e  n e a r  ea r th  p o r t i o n  o f  t h e  
r e t u r n  l e g  of t h e  f ree  r e t u r n  t r a j e c t o r y  ( t r a n s -  
l u n a r  t ime of f l i g h t  i f  f r e e  r e t u r n  i s  n o t  u sed )  

B. The i n c l i n a t i o n  o f  t h e  l u n a r  p a r k i n g  o r b i t  

C .  The i n c l i n a t i o n  of  t h e  n e a r  ea r th  p o r t i o n  of  
t h e  t r a n s e a r t h  l eg  o f  t h e  t r a j e c t o r y  

D. The t rue  anomaly o f  t h e  i n t e r s e c t i o n  o f  t h e  l u n a r  
p a r k i n g  o r b i t  p l a n e  and t h e  t r a n s e a r t h  t r a j e c t o r y  
( d i f f e r e n t  from z e r o  where pre  and p o s t  p e r i c y n -  
t h i o n  i n j e c t i o n  i s  a l lowed)  

*It is n o t  t o  be assumed t h a t  optimum t r a j e c t o r i e s  are  
mandatory,  however, i f  t h e  t r a j e c t o r y  i s  n o t  optimum by a 
s i g n i f i c a n t  amount, t h e r e  should be an adequate  r eason .  
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Exper ience  may show t h a t  some o f  t hese  need n o t  
be h e l d  f ixed f o r  s a t i s f a c t o r y  checks and,  o f  cour se ,  a l t e r -  
n a t i v e  (but  e q u i v a l e n t )  v a r i a b l e s  may be d e f i n e d  to r e p l a c e  
any of  t h e  above. 

Having an independent t r a j e c t o r y  computat ion,  com- 
p a r i s o n s  w i t h  t h e  t r a j e c t o r y  b e i n g  v a l i d a t e d  are t h e n  conducted 
p r i m a r i l y  i n  terms of t h e  q u a n t i t i e s  f o r  which  t h e  t r a j e c t o r y  
was computed i n  t h e  f i r s t  p l a c e .  
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5. 

t h e  
end 

SCHEDULE AND PROGRAM IMPACT ON TRAJECTORY VALIDATION 

There is a schedule  f o r  t h e  p r o d u c t i o n  o f  s o f t w a r e  f o r  
Apollo mis s ions  i n c l u d i n g  t h e  t e s t  mis s ions .  The s o f t w a r e  
items and t h e  required d e l i v e r y  dates have been d e f i n e d  as 

a r e s u l t  of p l a n n i n g  work which has been go ing  on f o r  about a 
year.  Table I is  a copy of a schedu le  r e c e n t l y  d i s t r i b u t e d  
through t h e  F l i g h t  Mechanics P a n e l  a n d  i t  shows a v e r y  ambi t ious  
program of documentation* r e l a t ed  t o  t r a j e c t o r i e s  and guidance .  

The i m m e d i a t e  q u e s t i o n  is ,  "Which document o r  documents 
c o n t a i n  t h e  t r a j e c t o r y  t o  be v a l i d a t e d ? "  There  c l e a r l y  i s  no 
answer,  but i t e m  38 o f  Table I ( O p e r a t i o n a l  Miss ion  T r a j e c t o r y  
P l a n )  probably comes c l o s e s t  o f  a l l  t h e  documents l i s t e d .  One 
o b s e r v a t i o n  i s  t h a t  v a l i d a t i o n  requires a d e f i n e d  p roduc t  o r  
end item t o  be checked. Another p o i n t  i s  t h a t  there  must be 
advanced p r e p a r a t i o n  f o r  v a l i d a t i o n  and advance in fo rma t ion  on 
t h e  c r i t i c a l  c o n t e n t  o f  t h e s e  documents i f  v a l i d a t i o n  i s  t o  be 
c a r r i e d  on as a p a r a l l e l  a c t i v i t y  which does n o t  d i s t u r b  t h e  
documentat ion schedu le .  A t h i r d  p o i n t  is t h a t  t h e  o r g a n i z a t i o n  
c a r r y i n g  ou t  t h e  o r i g i n a l  t r a j e c t o r y  computat ion must be commit- 
t e d  t o  p a r t i c i p a t i n g  i n  t h e  v a l i d a t i o n  program and c o o p e r a t i n g  
i n  c a r r y i n g  i t  o u t .  Without t h i s  i t  would be v e r y  d i f f i c u l t  t o  
do e f f e c t i v e  v a l i d a t i o n  i n  t h e  q u a l i t y  c o n t r o l  s ense .  

The Apollo program w i l l  p r e s e n t  v a l i d a t i o n  problems 
c h a r a c t e r i s t i c  of  research and development endeavors .  S p e c i f i c -  
a l l y ,  p rocedures  f o r  t r a j e c t o r y  v a l i d a t i o n  ( q u a l i t y  c o n t r o l  i n  
p a r t i c u l a r )  w i l l  have t o  work t h e  f i r s t  time t r i e d  s i n c e  much 
w i l l  be new f o r  each mission.  The more compl ica ted  and unique 
m i s s i o n s  w i l l  g e n e r a t e  r equ i r emen t s  f o r  t r a j e c t o r y  data i n  an 
unscheduled and u n p r e d i c t a b l e  f a s h i o n .  The v a l i d a t  ion  p r o c e d u r e s  
adopted  w i l l  have t o  keep up as we l l  as p o s s i b l e  i n  t h i s  un- 
f r i e n d l y  ( f o r  q u a l i t y  c o n t r o l )  environment .  I n  s e c t i o n  2, 
d e s i g n  v e r i f i c a t i o n  was in t roduced  as b e i n g  t h e  extreme o p p o s i t e  
o f  qua l i ty  c o n t r o l  w i t h i n  t h e  scope  o f  t r a j e c t o r y  v a l i d a t i o n .  
It i s  an e a r l i e r  ( i n  t i m e )  a c t i v i t y  i n  t h e  v a l i d a t i o n  p r o c e s s  
and,  because  it is n o t  a hard and fas t  p rocedure ,  it i s  b e t t e r  
able t o  cope w i t h  a changing scene .  During d e s i g n  v e r i f i c a t i o n  
f a m i l i a r i t y  w i t h  t h e  t r a j e c t o r y  i s  e s t ab l i shed  and i n  t h e  one 
t o  two y e a r  span between t h e  p r e l i m i n a r y  mis s ion  t r a j e c t o r y  and 
t h e  a c t u a l  f l i g h t  t h e  c r i t i c a l  q u a n t i t i e s  and t o l e r a n c e s  f o r  

*There are a d d i t i o n a l  documents o f  s imilar  t y p e  d e f i n e d  
w i t h i n  each Center  which d o  n o t  appear i n  t h e  F l i g h t  Mechanics 
P a n e l  Schedule .  

d 



Table I** 

I MSC-MSFC INTERFACE DOCUMENTATION SCKECULE: (MONTHS RFtQUIRED PRIOR TO LAUNCH) 

Document Title 

1. MSC Constraints 
2. MSFC Constraints 
3. Preliminary Mission Constraints 
4. MSC Preliminary Mission P ro f i l e  
5. MSFC Preliminary Mission P ro f i l e  
6. Preliminary L / V  Reference Trajectory 
7. Preliminary S/C Reference Trajectory 
8. Preliminary Reference Trajectory 

, 9. P r e l i m .  L/v Range Safety Waj .  Plan 
3-0. Prelim. S/C Range Safety Waj.  Plan 
11. S/C Guidance Targeting Objectives 
12. L / V  Targeting Objectives Proposal 
03. L/v Targeting Objectives Proposal 
14. L / V  Targeting Requirements 

e l i m .  Abort & A l t .  Mss ion  Studies $: 7 v P r  e l i m .  Error Anal. (Closed h o p  
8. Spacecraft Guidance Equations 

$9. S/C Preliminary Error Analysis 
20. M3C Mission Constraints 
21. MSFC Mission Constraints 
22. Reference Mission Constraints 
23. L /V Reference Trajectory 
24. S/C Reference Trajectory 
25. Reference Trajectory 
26. L / V  Range Safety Trajectory Plan 
27. S/C Range Safety Trajectory Plan 
28. L / V  Guidance Fkror Analysis 
29. L / V  Performance Analysis 
30. Det On-Board S/C G&N Error Anal. 
31. Detailed MSFN Error Analysis 
32. S/C Powered Fl ight  Performance Anal. 
33. Operational Mission Constraints 
34. L / V  Range Safety Trajectory Plan 
35. S/C Range Safety Trajectory Plan 
36. Operational L / V  Fl ight  Trajectory 
37. Operational S/C Fl ight  Trajectory 
38. Operational Mission Trajectory Plan 
39. L/V Oper A l t  Mission & Abort Traj 
40.  S/C Oper A l t  Mission & Abort Traj 
41. Alternate Mss ion  and Abort Plan 

5. L/V Guidance Equations 

i 
Respon- 
s i b i l i t :  

~~ 

MSC 
MSFC 

MSC/MSFC 
Msc 
MSFC 
MSFC 
MSC 

MSC/MSFC 
MSFC 
MSC 
MSC 
MSC 
MSFC 

MSFC/MSC 
MSFC 
MSFC 
MSFC 
MSC 
MSC 
MSC 
MSFC 

MSC/MSFC 
MSFC 
MSC 

MSC/MSFC 
MSFC 
MSC 
MSFC 
MSFC 
MSC 
MSC 
MSC 

MSFC/MSC 
MSFC 
MSC 
MSFC 
MSC 

MSC/MSFC 
MSFC 
MSC 

MSC/MSFC 

- 
201, 
202 

1 

10 
10 
10 

8 
8 
7 
7 
7 
6 
2 
2 
5 
4 
3 
3 
3 
3 

Saturn - Apollo Mission 

204 

18 
18 
17 
16 
16 
14 
1 4  
15 
15  
15 
15 
14 
1 3  
13 
14  
14 
1 3  
1 3  
12 
12 
11 
11 

8 
8 
7 
7 
7 
6 
2 
2 
5 
4" 
3" 
3 
3 
3 

- 

205 

20t 
20t 
20+ 
20 
20 
19 
18 
1 7  
16 
15 
16 
17 
1 7  
16 
15 
15 
15 
15 
15 
14t  
14t  
14t  
14 t  
13 
13 
12 
11 
11 
11 
10 
10 
10 
4 
4 
3 
4" 
3" 
3" 
3" 
3" 
3" 

- 

- 

206- 
502 

23+ 
23+ 
23+ 
23 
23 
22 
21 
20 
19 
18 
19 
20 
20 
19 
18 
18 
17  
1 7  
17  
16+ 
16+ 
16+ 
16+ 
15 
15  
14 
13  
13  
13  
10 
10 
10 
4 
4 
3 
4" 
3" 
3" 
3" 

503- 
504 

25+ 
25+ 
25+ 
25 
25 
24 
23 
22 
21 
20 
21  
22 
22 
21  
20 
19 
19 
19  
19 
18 
18 
18 
1 7  
16 
16 
15 
14  
14  
14  
11 
11 
11 
4 
4 
3 
4* 
3" 
3" 
3" 

- 

3" J -  3" 3" 3" 

505, 
5 6  

27+ 
2 7+ 
2 7+ 
27 
27 
26 
25 
24 
23 
22 
23 
24 
24 
23 
22 
21 
21 
21  
21 
20 
20 
19 
18 
1 7  
1 7  
16 
15 
15 
15 

- 
507- 
UP 

29+ 
29+ 
29+ 
29 
29 
28 
27 
26 
25 
24 
25 
26 
26 
25 
23 
22 
23 
23 
23 
22 
22 
20 
19 
18 
18 
17 
16 
16 
16 

12 . 12 
12 i 12 

3 1 3  
4" i 4" 
3" 3" 
3" 3" 
3" : 3" 
3" ; 3" 
3" 3" 

F It' 
4 1 4  

, 

q e s e  documents are updated as necessary and contain t h e  best ava i lab le  mission 
and t r a j e c t o r y  data. 

*Originally appeared as  Table I, attachment t o  l e t t e r  (PS3-M2309) from Co-Chairmen, 
MSC/MSFC Fl ight  Mechanics Panel (undated but received 3/18/65 ) . I 
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t h a t  t r a j e c t o r y  must be e s t ab l i shed .  A s  t h e  f l i g h t  t ime 
approaches  a n d  t h e  t r a j e c t o r y  converges t o  t h e  f i n a l  issue 
these  q u a n t i t i e s  can be checked i n  each  new i s s u e  t o  avoid  
as much las t  minute  work as p o s s i b l e .  It is  impor tan t  t h a t  
t h e  f i n a l  v a l i d a t i o n  checks ( q u a l i t y  c o n t r o l )  be planned and 
documented i n  an  o r d e r l y  f a s h i o n  f o r  t h e  obvious e r r o r  ra ther  
t h a n  t h e  e s o t e r i c  e r r o r  i s  t h e  more l i k e l y  t o  be overlooked 
j u s t  p r i o r  t o  t h e  f l i g h t .  
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6. SUMMARY 

T r a j e c t o r y  v a l i d a t i o n  should  be done f o r  each of 
t h e  mis s ions  of t h e  Apollo p r o j e c t .  The e f f o r t  should  ex tend  
from t h e  t ime of t h e  p r e l i m i n a r y  mis s ion  p r o f i l e  document to 
or s l i g h t l y  beyond t h e  f l i g h t  d a t e .  The e a r l y  p h a s e s  o f  t h e  
v a l i d a t i o n  procedure  should  r e s u l t  i n  f a m i l i a r i t y  w i t h  t h e  
p h y s i c a l  p r o p e r t i e s  o f  t h e  t r a j e c t o r i e s  and a s p e c i f i c  s e t  
of q u a n t i t i e s  which are to be checked f o r  each  new i ssue  o f  
t h e  t r a j e c t o r y  i n c l u d i n g  t h e  one j u s t  b e f o r e  t h e  f l i g h t .  
The q u a n t i t i e s  to be checked should  d e f i n i t e l y  i n c l u d e  a l l  
t r a j e c t o r y  de r ived  d a t a  which can b e  i d e n t i f i e d  as having  
a d i r e c t  i n f l u e n c e  on t h e  conduct o f  t h e  mis s ion .  The s p e c i f i c  
i d e n t i f i c a t i o n  o f  these  d a t a  promises  to b e  a major  p a r t  o f  
t h e  v a l i d a t i o n  t a sk .  

I B  
10 22- VSM - r g  

RLW 

V. S. Mummert 
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APPENDIX I 

T h i s  appendix  
i n p u t  d a t a  r e q u i r e d  f o r  
l u n a r  land ing miss ion.  

c o n t a i n s  t y p i c a l  l i s t s  of  t r a j e c t o r y  
a minimum s i m u l a t i o n  of  an Apollo LOR 
A s  t ime goes on t h e  l i s t  w i l l  change - - 

and grow somewhat as a d d i t i o n a l ,  impor tan t  d e t a i l s  o f  t h e  
mis s ion  sequence are determined and s imula t ed .  These l i s t s  
a r e  r e f e r e n c e d  i n  S e c t i o n  3.1 and a r e  inc luded  h e r e  only  f o r  
t h e  pu rpose  of p r o v i d i n g  examples f o r  t h o s e  who are n o t  aware 
o f  t h e  magnitude o r  t ype  of i n p u t s  r e q u i r e d .  

Veh ic l e  Data 

Launch Veh ic l e  

1. 

2 .  

3.  

4. 

5. 

6. 

7. 
8. 

9 .  

10. 

11. 

12. 

13 
14. 

15. 

16. 

17 
18. 

S-IC i n i t i a l  weight 

S-IC mass f low ra te  

S-IC sea l e v e l  t h r u s t  

S-IC nozz le  a r e a  

S-IC c r o s s  s e c t i o n a l  a r e a  

S - I 1  i n i t i a l  weight 

S - I1  d r y  weight 

S - I1  mass f low r a t e  

S - I 1  t h r u s t  

S-IVB i n i t i a l  weight 

S-IVB d r y  weight  

S-IVB mass f l o w  r a t e  

S-IVB t h r u s t  

V e r t i c a l  r i s e  d u r a t i o n  

Time of S-IC c e n t e r  eng ine  shutdown 

Time of S - I C  shutdown 

Coast t ime between S-IC shutdown and S - I1  i g n i t i o n  

Time of LES j e t t i s o n  
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19. Weight o f  LES 

20. T ime  of interstage j e t t i s o n  

21. Weight o f  i n t e r s t a g e  

22. Coast t ime between S-I1 shutdown & S-IVB i g n i t i o n  

23. Drag t a b l e  

Spac e c r  af t 

1. 

2. 

3. 
4. 

5. 
6 .  

7 .  

8. 

9. 
10. 

11. 

12. 

13 9 

14. 

15. 
16. 

17 
18. 

S / C  i n i t i a l  weight 

L E M  i n i t i a l  weight 

LEM a s c e n t  i n i t i a l  weight 

Weight o f  t w o  a s t r o n a u t s  

S/C d r y  weight 

LEM d e s c e n t  dry weight 

LEM a s c e n t  d r y  weight  

SM mass f low rate  

SM t h r u s t  

LEN d e s c e n t  mass f l o w  rate  

LEM d e s c e n t  t h r u s t  

LEN a s c e n t  mass f low ra te  

LEM a s c e n t  thrust  

LEM a s c e n t  RCS mass f low r a t e  

LEM a s c e n t  RCS t h r u s t  

SM guidance  a l lowances  outbound 

SM guidance  and con t ingency  a l lowances  re turn 

A l t i t u d e  of LEM a t  b e g i n n i n g  o f  r e c t i l i n e a r  o r  
c o n s t a n t  a t t i t u d e  approach  
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19 * 

20. 

21. 

22. 

23 

P i t c h  angle on c o n s t a n t  a t t i t u d e  approach 

T h r o t t l e  r a t i o  from p i t c h c o v e r  t o  hover  

A l t i t u d e  and v e l o c i t y  a t  hover  

Dura t ion  o f  a scen t  s t a g e  v e r t i c a l  r i se  

A l t i t u d e  o f  p e r i l u n e  of Hohmann descen t  
t r a n s f e r  o r b i t  

S p a c e c r a f t  During En t ry  

1. 

2. 

3. 

4. 

5. 
6. 

Miss ion  Data 

1. 

2. 

3. 
4. 

5. 
6. 

7. 

8. 

9. 

10. 

Weight of  command module 

Maximum L/D 

Weight /drag-area ra t  i o  ( b a l l i s t i c  number) 

Reent ry  a l t i t u d e  

Drag t a b l e  

L i f t  t a b l e  
- 

Launch date 

Choice of  one of  two d a i l y  launch  windows 

Launch azimuth 

F r e e - r e t u r n  i n c l i n a t i o n  l i m i t s  

Outbound t r a j e c t o r y :  f r e e  r e t u r n  o r  u n r e s t r i c t e d  

Number of  earth p a r k i n g  o r b i t s  (an i n t e g e r )  

Lunar l and ing  s i t e  p o s i t i o n  

Maximum LEM p lane  change a l lowab le  

Number o f  l u n a r  p a r k i n g  o r b i t s  b e f o r e  descen t  
t r a n s f e r  o r b i t  i n j e c t i o n  

Nominal l u n a r  s u r f a c e  s t a y  time 
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11. Number of lunar p a r k i n g  o r b i t s  a f t e r  rendezvous 

12. 

13. Maximum r e t u r n  f l i g h t  t ime 

Maximum l u n a r  s u r f a c e  s t a y  time (con t ingency)  

14. Maximum e q u a t o r i a l  i n c l i n a t i o n  a t  r e t u r n  t o  e a r t h  

15. E a r t h  r e e n t r y  r ange  

16.  E a r t h  l and ing  s i t e  o r  a r e a  

Apollo T r a j e c t o r y  S tandards  

1. MSFN s i t e  l o c a t i o n s  

2. Astrodynamic c o n s t a n t s  

3. E a r t h  atmosphere 

4. Lunar,  solar  and p l a n e t a r y  ephemerides  ( JPL  
t a p e s  and e q u a t i o n s )  

5. R i g i d  bod t r ans fo rma t ion  f o r  t h e  moon ( J P L  
e q u a t i o n s  
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T h i s  appendix  c o n t a i n s  a l i s t  o f  t y p i c a l  gu idance  
parameters as t h e  guidance  is now e n v i s i o n e d  f o r  t h e  lunar 
l a n d i n g  miss ion .  It is inc luded  f o r  p e r s p e c t i v e  o n l y  as t h e  
d e t a i l e d  methods o f  implementing t h e  guidance  f o r  t h e  lunar 
l a n d i n g  mis s ion  are n o t  y e t  comple te ly  d e c i d e d .  The guidance  
computers may have many more p a r a m e t e r s  ( c o n s t a n t s )  i n  memory 
but t h e y  cannot  be checked v i a  t r a j e c t o r y  v a l i d a t i o n .  T h i s  
l i s t  is r e f e r e n c e d  i n  s e c t i o n  3.2. 

Equ iva len t  Number 
Phase  Guidance Pa rame te r s  o f  S c a l a r s  

Launch V e r t i c a l  r i s e  t i m e  1 
t o  
Orb it 

T r a n s l u n a r  
I n j e c t i o n  
(MIT Backup) 

G r a v i t y  t u r n  k i c k  1 

P i t c h  polynomial  c o e f f i c i e n t s  5 
I s p  f o r  each stage 3 
Mass flow rates 3 

each  stage 3 
Aiming az imuth  polynomia l  coe f .  5 

E s t i m a t e d  b u r n i n g  times f o r  

O r b i t  plane i n c l i n a t i o n  
polynomial  coe f .  5 
O r b i t  plane descend ing  node 
polynomial  coe f .  5 
Cutof f  v e l o c i t y  magnitude 1 
F l i g h t  path a n g l e  1 

A l t i t u d e  1 

T o t a l  34 

P o s i t i o n  Target Vec to r  
Semi-ma j o r  axis 
True anomaly o f  i n j e c t i o n  

T o t a l  

3 
1 
1 
5 
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Equiva len t  Number 
P h a s e  

T r a n s l u n a r  Target p o s i t i o n  v e c t o r  
Miscourse  #1 

Gu i d  an c e Parameters 

Time of c o r r e c t i o n  
Time t o  t a rge t  

o f  S c a l a r s  

3 
1 
1 

Trans  l u n a r  P e r i c y n t h i o n  d i s t a n c e  
Normal t o  t h e  p l a n e  
Time of  c o r r e c t i o n  

Trans l u n a r  V e l o c i t y  a t  l u n a r  
Miscourse  #3 s p h e r e  of i n f l u e n c e  
(Free r e t u r n )  Time o f  c o r r e c t  i o n  

Hohmann Radius  of p e r i c y n t h i o n  
Vector  normal t o  p l a n e  
Semi-major axis  

T o t a l  5 

1 

3 
1 

T o t a l  5 

3 
1 

T o t a l  4 

T o t a l  

Lunar  Normal t o  t h e  p l a n e  
Terminal  a l t i t u d e  Descent  

(‘only P h a s e  I1 
c o n d i t i o n s  are Terminal  s i n k  r a t e  
s p e c  i f  i e d  )’ Terminal  down range  p o s i t  ion  

Terminal  down range  v e l o c i t y  
I n i t i a l  s i n k  ra te  
T h r u s t  d i r e c t i o n  
Dura t ion  o f  P h a s e  I1 

T o t a l  

1 

3 
1 

5 

3 
1 
1 
1 
1 
1 
1 
1 
10 
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Phase  

LEM Ascent 

11-3 

E q u i v a l e n t  Number 
Gu i d  an c e P a r  ame t e r  s o f  S c a l a r s  

L i f t - o f f  t i m e  1 
V e r t i c a l  r i s e  time 1 
Burnout a l t i t u d e  1 

Burnout a n g u l a r  momentum 3 
Burnout r ad ia l  v e l o c i t y  1 

T o t a l  7 

LEM Midcourse T a r g e t  ( C M  p o s i t i o n )  
v e c t o r  a t  f ixed t i m e  
o f  a r r i v a l  

Time o f  c o r r e c t i o n  

Rendezvous 

T r a n s  e a r t h  
I n j e c t i o n  

3 
1 

T o t a l  4 

Range-range r a t e  s c h e d u l e  
( a n a l y t i c  f u n c t i o n  o r  t ab l e )  ? 

T o t a l  

Vec to r  ve l o c  i t  y 
True anomaly o f  i g n i t i o n  

3 
1 

T o t a l  4 

T r a n s e a r t  h Time o f  c o r r e c t i o n  1 
P e r i g e e  a l t i t u d e  1 Midcourse #1 

Landing s i t e  3 
? True  anomaly of  l a n d i n g  s i t e  

v e c t o r  ex tended  1 

T r a n s e a r t h  
Midcourse  #2 

same 

Tran s e a r t h  same 
Midcourse  #3 

Tot a1 6 

same 

same 
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Phase 

Reentry* 

11-4 

Guidance Parameters  

L a t i t u d e  
Long i tude  

E q u i v a l e n t  Number 
of S c a l a r s  

1 
1 

T o t a l  2 

*There are approximate ly  50 g a i n  c o n s t a n t s  which w i l l  be  
checked d u r i n g  gu idance  equa t ion  v a l i d a t i o n  s i n c e  t h e y  are 
p r l m a r i l y  f o r  s t a b i l i t y  of  o p e r a t i o n  rather than  t r a j e c t o r y  
shap ing .  
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T h i s  appendix c o n t a i n s  l i s t s  of q u a n t i t i e s  t o  be 
checked as par t  o f  t h e  g e n e r a l  v a l i d a t i o n  of t h e  t r a j e c t o r y  
t i m e  h i s t o r i e s .  How b i g  t h i s  l i s t  should  be  or which quan- 
t i t i e s  should be checked i s  a m a t t e r  o f  judgment. Some 
q u a n t i t i e s  a r e  checked as i n p u t s  and aga in  a s  t h e y  appear 
i n  t h e  p r i n t o u t .  These l i s t s  a r e  r e f e r e n c e d  i n  s e c t i o n  3.4. 
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Event Checks 

1. 

2.  

3 .  

4. 

5. 
6. 

7 .  

Time and magnitude o f  maximum dynamic pressure 

Miss ion  time o f  t h e  beg inn ing  o f  each  o f  t h e  e i g h t  
powered f l i g h t  maneuvers 

Event time o f  t h e  t e r m i n a t i o n  o f  each  powered 
f l i g h t  maneuver ( d u r a t i o n )  

Weight b e f o r e  and a f t e r  powered f l i g h t  

C h a r a c t e r i s t i c  v e l o c i t y  (AV) f o r  each  powered f l i g h t  

Time of j e t t i s o n i n g  t h e  LES and t h e  SIC/SII  i n t e r s t a g e  

Times and magnitudes of a c c e l e r a t i o n  peaks d u r i n g  each 
major  bu rn  and e n t r y  
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C o n s t r a i n t  Checks 

1. 

2. 

3.  

4. 

5. 

6 .  

7. 

8 .  

Maximum a n g l e  o f  a t t a c k  w h i l e  i n  t h e  a tmosphere 

P i l o t  v i s i b i l i t y  d u r i n g  LEM d e s c e n t  

LEM-CSM l i n e  o f  s i g h t  

Lunar l i g h t i n g  d u r i n g  l a n d i n g  and w h i l e  on t h e  s u r f a c e  

Continuous LEM a b o r t  c a p a b i l i t y  f o r  maximum cont ingency  
s t a y  time ( p l a n e  change l i m i t  n e v e r  exceeded) 

S e r v i c e  Module c a p a b i l i t y  f o r  r e t u r n i n g  t o  ea r th  from 
any lunar p a r k i n g  o r b i t  d u r i n g  t h e  nominal  and cont ingency  
s t a y  times, 

(on-board n a v i g a t i o n  

Hea t ing  d u r i n g  e n t r y  

Ear th-vehic le -sun  an l e  d u r i n g  t h e  t r a n s e a r t h  t r a j e c t o r y  
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Geometric Checks 

1. 

2 .  

3.  

Plane  change a t :  

111-4 

Trans l u n a r  i n j e c t  i o n  
Deboost i n t o  l u n a r  p a r k i n g  o r b i t  
Rendezvous (may be elsewhere depending on LEN 
a s c e n t  s t r a t e g y )  
T r a n s e a r t h  i n j e c t i o n  

A l t i t u d e  of :  

P e r i c y n t h i o n  o f  approach hype rbo la  
P e r i c y n t h i o n  o f  r e t u r n  hype rbo la  
Lunar p a r k i n g  o r b i t  
Descent t r a n s f e r  o r b l t  apocynth ion  and p e r i c y n t h i o n  
Ascent t r a n s f e r  o r b i t  ( s )  apocynth ion  and p e r i c y n t h i o n  
E a r t h  p a r k i n g  o r b i t  
T r a n s e a r t h  p e r i g e e  
T r  an s l u n a r  p e r i g e e  

E a r t h  

8 
I 

4. Lunar 

e q u a t o r i a l  i n c l i n a t i o n  of: 

Trans  l u n a r  e l  ips e 
E a r t h  p a r k i n g  o r b i t  
T r a n s e a r t h  e l i p s e  

e q u a t o r i a l  i n c l i n a t i o n  of :  

T r a n s l u n a r  hyperbola  
T r a n s e a r t h  hyperbola  
Lunar  p a r k i n g  o r b i t  
Descent t r a n s f e r  o r b i t  
Ascent t r a n s f e r  o r b i t  

5. 

3 6 .  
U 

[ i  

P o s i t i o n  of t h e  l u n a r  l a n d i n g  s i t e  w i t h  r e s p e c t  t o  t h e  l u n a r  
p a r k i n g  o r b i t  p l a n e  a t  t h e  t i m e  of' l a n d i n g .  
P o s i t i o n  of t h e  ear th  l a n d i n g  s i t e  w i t h  r e s p e c t  t o  t h e  pre- 
s c r i b e d  area ( a n  i n p u t  q u a n t i t y )  


